Abstract Plasma lipoprotein(a) (Lp[a]) level is an independent risk factor of cardiovascular disease that is under strong genetic control. We conducted a genome-wide association study of plasma Lp(a) in 386 members of a founder population that adheres to a communal lifestyle, proscribes cigarette smoking, and prepares and eats meals communally. We identified associations with 77 single nucleotide polymorphisms (SNPs) spanning 12.5 Mb on chromosome 6q26-q27 that met criteria for genome-wide significance (P # 1.3 3 10 27 ) and were within or flanking nine genes, including LPA. We show that variation in at least six genes in addition to LPA are significantly associated with Lp(a) levels independent of each other and of the kringle IV repeat polymorphism in the LPA gene. One novel SNP in intron 37 of the LPA gene was also associated with Lp(a) levels and carotid artery disease number in unrelated Caucasians (P 5 7.3 3 10 212 and 0.024, respectively), also independent of kringle IV number. This study suggests a complex genetic architecture of Lp(a) levels that may involve multiple loci on chromosome 6q26-q27. Lipoprotein (a) [Lp(a)] is recognized as an independent risk factor for atherosclerotic cardiovascular disease (1, 2). The mechanisms underlying this pathogenesis are poorly understood, although proatherogenic, prothrombotic, and inflammatory pathways contribute. Moreover, plasma Lp(a) levels are not responsive to statins and other cholesterol-lowering drugs, except for niacin, for which the long-term efficacy and safety is not yet established (3). Lp(a) is produced in the liver (4) and circulates in the plasma as an LDL particle having as a protein moiety apolipoprotein(a) [apo(a)], encoded by the LPA gene, linked by a disulfide bond to an apolipoprotein B-100 particle, on a 1:1 molecular basis (5). While apolipoprotein B-100 remains relatively constant in size, apo(a) varies in size due to polymorphism in the number of tandemly repeated kringle IV type 2 domains encoded by sequences in exons 1 and 2 of the LPA gene (6).
Abstract Plasma lipoprotein(a) (Lp[a]) level is an independent risk factor of cardiovascular disease that is under strong genetic control. We conducted a genome-wide association study of plasma Lp(a) in 386 members of a founder population that adheres to a communal lifestyle, proscribes cigarette smoking, and prepares and eats meals communally. We identified associations with 77 single nucleotide polymorphisms (SNPs) spanning 12.5 Mb on chromosome 6q26-q27 that met criteria for genome-wide significance (P # 1.3 3 10 27 ) and were within or flanking nine genes, including LPA. We show that variation in at least six genes in addition to LPA are significantly associated with Lp(a) levels independent of each other and of the kringle IV repeat polymorphism in the LPA gene. One novel SNP in intron 37 of the LPA gene was also associated with Lp(a) levels and carotid artery disease number in unrelated Caucasians (P 5 7.3 3 10 212 and 0.024, respectively), also independent of kringle IV number. This study suggests a complex genetic architecture of Lp(a) levels that may involve multiple loci on chromosome 6q26-q27.-Ober, C., A. S. Nord, E. E. Thompson Lipoprotein (a) [Lp(a)] is recognized as an independent risk factor for atherosclerotic cardiovascular disease (1, 2) . The mechanisms underlying this pathogenesis are poorly understood, although proatherogenic, prothrombotic, and inflammatory pathways contribute. Moreover, plasma Lp(a) levels are not responsive to statins and other cholesterol-lowering drugs, except for niacin, for which the long-term efficacy and safety is not yet established (3) . Lp(a) is produced in the liver (4) and circulates in the plasma as an LDL particle having as a protein moiety apolipoprotein(a) [apo(a)], encoded by the LPA gene, linked by a disulfide bond to an apolipoprotein B-100 particle, on a 1:1 molecular basis (5). While apolipoprotein B-100 remains relatively constant in size, apo(a) varies in size due to polymorphism in the number of tandemly repeated kringle IV type 2 domains encoded by sequences in exons 1 and 2 of the LPA gene (6) .
The human LPA gene arose as a duplication of the PLG gene in the primate lineage and retains 80% sequence identity to PLG (7), which has only a single kringle IV structure. The number of kringle IV repeats in Lp(a) is under genetic control and inversely correlates with plasma levels of Lp(a), likely as result of the lower secretion rate in hepatocytes of apo(a) isoforms with larger numbers of kringle IV repeats (8, 9) . The LPA locus accounts for 70-90% of the variability in Lp(a) levels in worldwide populations, with the kringle IV size polymorphism accounting for approximately half of this effect (10) (11) (12) (13) (14) (15) . Polymorphisms in LPA other than the kringle IV repeats have been associated with circulating levels of Lp(a) (16, 17) , but the known variants in LPA do not account for the remaining heritability of this trait, indicating that other, as yet unidentified, variation at this locus influences Lp(a) levels and the corresponding risk for cardiovascular disease.
To more fully dissect the genetic architecture of Lp(a) cholesterol, we measured Lp(a) protein in plasma after an overnight fast from 386 Hutterites (18, 19) (Table 1) , as previously described (20, 21) . The heritability of plasma Lp(a) protein levels is high in the Hutterites (H 2 5 0.77; SEM 0.08) and similar to estimates in other populations (22) . The subjects in our studies live on communal farms in South Dakota and are related to each other through multiple lines of descent in a 3,028-person, 13-generation pedigree with 62 founders (22) . The small number of founding genomes reduces genetic heterogeneity, whereas their communal lifestyle ensures that nongenetic factors are remarkably uniform between individuals. In particular, all food is prepared and eaten in a communal kitchen, smoking is prohibited, and other lifestyle factors that could influence disease risk vary little between individuals (18, 20) .
Here, we identify variation in at least six genes on chromosome 6q26-q27, in addition to the LPA gene, that significantly influence plasma Lp(a) levels in the Hutterites independent of the kringle IV size polymorphism and show that a novel intronic single nucleotide polymorphism (SNP) in LPA is associated with carotid artery disease in unrelated Caucasian cases and controls.
METHODS

The Hutterites of South Dakota
The Hutterites in our mapping studies have been described previously (20, 23) . This study focused on 386 Hutterites living in nine South Dakota (Schmiedeleut) colonies with plasma Lp(a) measured (Table 1) , as previously reported (21) . All subjects gave written informed consent, and the project was approved by the University of Chicago Institutional Review Board.
Genotyping and quality control methods
A total of 357 (92.5%) individuals with plasma Lp(a) measurements were genotyped with the Affymetrix GeneChip: 500k Mapping Array. Whole-genome SNP genotyping was performed in the Hutterite samples using both the early access and commercial Affymetrix GeneChip 500k Mapping Array at the University of Chicago, as described (24) . A set of 421,374 autosomal SNPs were present on both sets of chips. Another 1,423 nonsynonymous SNPs were genotyped at the NHLBI Resequencing and Genotyping Service (Johns Hopkins University) using a custom 1,536 SNP oligo pool and BeadArray method, as previously described (25) . In the combined set of SNPs, 131,049 were not further studied because either they were monomorphic (n 5 52,732) or had minor allele frequencies ,5% (n 5 58,152) in the Hutterites. The remaining 310,490 SNPs were subjected to quality control checks. An additional 20,165 SNPs were excluded because either they had call rates ,90% (n 5 3,614), they deviated from HardyWeinberg expectations at P , 0.001 (correcting for the Hutterite inbreeding and population structure) (n 5 5,082), or because they generated $5 Mendelian errors (n 5 11,469), yielding a set of 290,325 markers. Lastly, we included two SNPs in the LPA gene (rs1853021 and rs1800769) that were previously genotyped in our lab using a PCR and immobilized probe assay, as described by Cheng et al. (26) . The final marker set of 290,327 SNPs had a median intermaker spacing of 4.3 kb (range 17-22.97 kb).
Associated SNPs were genotyped by TaqMan (rs9384296, rs6917698, rs9364496, rs8191829, rs6919346, rs14224, and rs2022991) or Illumina (rs4252125) in the CLEAR replication cohort. Associated SNP rs7745725 in SYNE1 was not genotyped in this sample.
Association testing in the Hutterites
The natural log of plasma Lp(a) protein was used for the heritability and association studies (20) . The heritability of plasma Lp(a) was estimated using a variance component maximum likelihood method (27) . At each SNP, we used the general two-allele model test of association in the entire pedigree, keeping all inbreeding 2 (2) 20 (18) 1 (1) 23 (21) loops intact, as described (28) . SNP-specific P values were determined based on Gaussian theory (28); genome-wide P values were determined by a Monte Carlo permutation-based test that preserves the covariance structure due to relatedness of individuals and assesses significance in the presence of multiple, dependent tests while guarding against deviations from normality in the data. We used 100 permutations to generate the empirical distribution of P values and considered a P value to be genome-wide significant if it was equal to or smaller than the 5% quantile of the permutationbased empirical distribution of the global minimum P value.
To estimate effect size of associated alleles in the Hutterites, we performed a generalized linear regression of the transformed phenotype values on the covariates, using the estimated covariance matrix [obtained as described in reference (28)] as weights in the analysis. This was performed twice for each associated allele, once under the null hypothesis, with only age and sex as covariates, and once under the alternative hypothesis, with genotype data included as an additional covariate. To estimate the percentage of variance explained by an allele, we calculated the residual sum of squares (RSS) for each regression and used the equation (RSSnull 2 RSSalt)/RSSnull.
Replication Studies in the CLEAR cohort
The replication sample consisted of 1,054 unrelated subjects from the CLEAR cohort (29) . This sample included 306 subjects with .80% stenosis of one or both internal carotid arteries on duplex ultrasound or prior endarterectomy, 214 subjects with between 15 and 79% stenosis, and 534 age-matched controls with ,15% internal carotid artery stenosis bilaterally and no known coronary or peripheral vascular disease. Lp(a) concentration was measured by a direct binding double monoclonal antibodybased enzyme-linked immunoassay developed at the Northwest Lipid Research Center (30). The cohort is described in additional detail elsewhere (29) , and characteristics of this cohort are shown in Table 4 . All subjects gave written informed consent, and the project was approved by the University of Washington, Virginia Mason Medical Center, and Puget Sound Veterans Affairs Heathcare System Institutional Review Boards.
Subjects from the CLEAR study were genotyped for seven of the eight SNPs associated with Lp(a) in Hutterites using either Illumina or Taqman methods. Associations between Lp(a) levels and each SNP genotype were tested using multivariate linear regression, assuming an additive model and including body mass index (BMI), censored age, and current smoking status as covariates. This sample included 306 cases with carotid artery diseases and 534 controls. Associations between the each SNP and carotid artery disease were tested using logistic regression with the same covariates described above.
Isoform size studies
In the Hutterites, the kringle IV number in each isoform was determined in fresh plasma collected in February 2008 from 63 individuals with plasma Lp(a) levels previously measured in fresh blood collected during field trips in 1996 and 1997. The determination of kringle IV number was carried out in a high-sensitivity 4% SDS-PAGE system followed by immunoblotting using a polyclonal antibody specific for apo(a) and a standard a set of kringle IV recombinants of a defined molecular size in Chicago. The standard was kindly provided by Dr. Angles Cano (INSERM, Paris, France) and used as specified (31) . The isoform size designation represents a number of kringle IV repeats present in each isoform. The more intense band was considered as the dominant form. When two bands were closely migrating and of about equal intensity, their average size was determined. Ten of 63 individuals had two bands of approximately equal intensity.
Lp(a) isoform size was determined using high-resolution SDSagarose gel electrophoresis followed by immunoblotting in the CLEAR cohort, as previously described (32, 33) , in a subset of 99 CLEAR subjects (39 cases and 60 controls). When no dominant Lp(a) isoform could be determined, average isoform size was used for association testing. When two isoforms were present, the dominant isoform was defined as .80% of the total Lp(a) mass. Nineteen subjects had only a single isoform size. The mean dominant isoform size was 23 (range 5 8-36) kringle IV repeats. The dominant isoform size could not be determined in eight of the subjects.
Correlations between each SNP and dominant Lp(a) isoform size (kringle IV number) were tested using the GTAM test of association (Hutterites) or Pearsonʼs correlation coefficient (CLEAR). Associations between each SNP and Lp(a) level were examined in each subsample using the same methods described above and also in a model that included Lp(a) isoform size (kringle IV number) as a covariate.
RESULTS
Identifying associated SNPs
Among the 290,327 SNPs used in our genome-wide association study, 78 had single-locus association P values #1.3 3 10 27 , which were genome-wide significant based on permutation-based empirical distributions (28) (Fig. 1) . All but one of the significant SNPs were on chromosome 6q, spanning from 152,912,509 to 165,610,428 Mb (Fig. 2) . The remaining significant SNP (rs17210569) was in an intergenic region on chromosome 13, ?79 kb downstream of TRPC4 and 400 kb upstream of UFM1 (single-locus association P 5 3.5 3 10 210 ). Despite the large number of small P values on chromosome 6, the distribution of the remaining P values across the genome was as expected (Fig. 3) . Because of the large number of associated SNPs on chromosome 6q, we focused our subsequent analyses on this region. P values for all SNPs are deposited in dbGaP (Study Accession: phs000123.v1.p1).
The significant SNPs on 6q were within nine genes or in the regions between them and up to 8 Mb from the LPA locus (HapMap Release 21a) ( Fig. 2A) . Two associated SNPs were in LPA, rs6919346 in intron 37 (locus P 5 6.3 3 10
212
) and rs1853021 (193C/T) in the 5′ untranslated region (locus P 5 5.9 3 10 28 ). Surprisingly, eight associated SNPs were within the PLG gene, and eight were within 100 kb 3′ to PLG, and 22 associated SNPs were in the PARK2 gene. The association with the LPA 193C/T SNP and plasma Lp(a) levels has been reported in African Americans (34) , but in the opposite direction as that seen in the Hutterites (23) ( Table 2) . SNPs in these genes each accounted for between 0.11 and 8.72% of the total variance in Lp(a) levels ( Table 2) .
Linkage disequilibrium patterns and conditional analysis of 6q SNPs
The linkage disequilibrium (LD) pattern in this 12.7 Mb region was similar in the Hutterites and the HapMap CEU samples (see supplementary Fig. I) , and the lack of LD (r 2 , 0.30) between SNPs in different genes suggested that there are multiple independent associations on 6q (Fig. 2B) .
To further assess the number of independent associations on 6q, we selected the most significant SNP in each of nine associated genes and the two most significant SNPs each in LPA and PLG (Table 2 ) and included each SNP separately as a covariate in an association analysis. SNPs in eight of the nine genes remained significant in these conditional analyses (P , 0.001), indicating independent effects on Lp(a) levels (see supplementary Table I ). The P value for three associated SNPs in PACRG became greatly reduced (conditional P 5 0.003 to 0.1) when genotype at SNP rs2022991 in PARK2 was included as a covariate. As a result, SNPs in this gene were not considered further. Moreover, the P value for LPA SNP rs1853021 (193C/T) became nonsignificant when PLG SNP rs14224 was included as a covariate (conditional P 5 0.1), as did 14 other associated SNPs in the PLG gene or its downstream flanking region (conditional P 5 0.06 to 0.7). Thus, the LD and covariate analyses suggested that SNPs in eight genes on 6q are independently associated with plasma Lp(a) protein levels in the Hutterites.
Studies of kringle IV number and associated SNPs
Even though there is no LD between associated SNPs in the eight genes, it remained possible that some or all of the associations were due to LD with the number of kringle IV repeats in the LPA gene. To examine this possibility, we determined kringle IV number in 63 Hutterites with measured Lp(a) levels. The mean Lp(a) levels in this subsample were 3.27 mg/dl (SD 5 5.82) in 32 males and 3.55 mg/dl (SD 5 5.46) in 31 females, slightly higher than mean levels in the larger sample ( Table 1) . Number of kringle IV was inversely correlated with plasma Lp(a) levels (P 5 0.085) as expected (Fig. 4) . In particular, Hutterites with high Lp(a) values ($6.5 mg/dl) had #26 kringle IV (range 18-26). However, individuals with Lp(a) levels in the normal range (,6.5 ng/dl) had kringle IV numbers ranging from 19 to nearly 32.
We next examined the relationship between number of kringle IV domains and genotype at the eight SNPs that were independently associated with Lp(a) levels. In this analysis, we considered the number of kringle IV as a quantitative trait and tested for association with each SNP (Table 3) . Only one SNP (rs2022991 in PARK2) was significantly associated with kringle IV number (P 5 0.00054). At this SNP, the G allele was associated with small kringle IV number and with high Lp(a) levels in the larger sample (Table 2 ). This result suggests that some or all of the association between this SNP and Lp(a) could be due to kringle IV number in the LPA gene. The remaining seven SNPs were not associated with kringle IV number (P . 0.40).
Lastly, we directly examined whether kringle IV number was contributing to the observed associations between Lp(a) levels and SNPs in eight genes. We first performed association studies between these eight SNPs and Lp(a) levels in the smaller sample of Hutterites. Seven of the eight SNPs that were associated with Lp(a) levels in the larger sample (Table 2) were also significantly associated with Lp(a) in this sample of ,70 Hutterites (Table 3) . One SNP (rs9384296 in TIAM2) was not associated with Lp(a) levels in this sample (P 5 0.569). We next repeated this analysis including kringle IV number as a covariate, which would remove any effects of kringle IV number on Lp(a) levels and allow us to assess the effects of each SNP independent of isoform size. All seven SNPs, including rs6919346 in the LPA gene, remained significantly associated with Lp(a) levels in the conditional analysis, with overall little change in the P values. Even SNP rs2022991 in PARK2 that was correlated with kringle IV number remained significant, although the magnitude of the association was reduced (P 5 3 3 10 25 without covariate; P 5 1.7 3 10 24 with covariate). Taken together, these data indicate that associations between SNPs in seven genes spanning an ?7 Mb region on chromosome 6, and including the LPA gene, are associated with plasma Lp(a) levels independent of kringle IV number. 
Replication studies in the CLEAR cohort
We genotyped SNPs in seven genes in 1,054 unrelated Caucasian males from the CLEAR cohort, with fasting Lp(a) measurements and including 840 individuals with severe (case) or no (control) carotid artery disease (29) ( Table 4) . We were unable to genotype SNP rs7745725 in SYNE1 in these samples. Two SNPs were associated with Lp(a) levels: rs6919346 in the LPA gene (P 5 7.3 3 10 212 ) and rs14224 in the PLG gene (P 5 0.0047). SNP rs6919346 in LPA was also associated with carotid artery disease (P 5 Fig. 2 . Seventy-seven SNPs on chromosome 6q that remained significant after adjusting for multiple comparisons using permutation-based empirical distributions, corresponding to association P values #1.14 3 10
27
. The SNPs span from 152,912,509 to 165,610,428 Mb. A: SNPs reside within nine genes, shown on the bottom of the figure, and within 100 kb of an additional six genes (genes not shown). The locus (uncorrected) 2 log (P value) is on the y axis; SNPs selected for conditional (covariate) analyses are shown in red. B: LD (r 2 ) between 77 associated SNPs, generated using LDselect, in 60 relatively unrelated (not first-degree relatives) Hutterites (30 males and 30 females). SNPs are equally spaced across the plot (not to physical scale). The names and direction of transcription are shown for each of the nine genes in A; SNPs within the nine genes are boxed. The comparison to LD in HapMap CEU is shown in supplementary Figure I. 0.0240), as were SNPs in IGF2R and PARK2 (P 5 0.0372 and 0.0139, respectively) ( Table 5A) . To assess the potential confounding of kringle IV number on these associations, 99 individuals were selected for isoform size studies. Among the eight SNPs genotyped for this study, only rs14224 in PLG was significantly correlated with isoform size (P 5 0.0075) in this sample (Table 5B) , reflecting LD between variation in PLG and kringle IV number, as previously reported (35) . When the association with Lp(a) was reexamined in these 99 individuals, the P value for rs14224 was reduced from 0.0140 to 0.300 when kringle IV number was included in the model. Associations between all other PLG SNPs and plasma Lp(a) levels also became nonsignificant (P . 0.05) when isoform size was included as a covariate (data not shown). In contrast, the association between rs6919346 and Lp(a) remained significant (P 5 0.0007 without isoform size and 0.0001 with isoform size included in the model). We interpret these results to indicate that the associations with PLG SNPs in the CLEAR cohort were due to long-range LD with the kringle IV size polymorphism in LPA, whereas rs6919346 Genome-wide association study of Lp(a) levels 803
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Studies of LPA enhancer elements
Two enhancers of gene expression residing between the LPA and PLG genes have been described (36, 37) . To rule out LD between the Lp(a)-associated SNPs with polymorphisms in these elements, we sequenced the enhancer elements DHII and DHIII (36, 37) in DNA from 30 Hutterites who were not first-degree relatives and who represented diverse genotypes at LPA and PLG SNPs. No SNPs were identified in DHII, but two SNPs were identified in DHIII (rs9347440 and rs7758766). There was very little LD (r 2 5 0-0.20) between each of these two SNPs and the 11 SNPs described in Table 2 . The lack of LD between the SNPs in enhancer DHIII and Lp(a)-associated SNPs suggests that the SNPs identified in this study are not due to LD with SNPs in these enhancers of LPA expression. DISCUSSION Plasma Lp(a) level is one of the most heritable quantitative traits in humans, and the high heritability of this trait has been attributed to variation at the LPA locus (10-12, 15, 38) . Our studies reveal a more complex genetic architecture of Lp(a) levels, with multiple contributing loci on 6q26-q27. We identified a novel SNP in the LPA gene that is associated with high Lp(a) protein levels in the Hutterites and in the CLEAR cohort, and with carotid artery disease in the latter patient population, both independent of the kringle IV number and variation in known transcriptional enhancer elements of LPA. The mechanism through which this intronic SNP acts is unknown, but the fact that it is not in LD with any other SNPs in the LPA gene (39) and that it resides within a CREB site suggest that rs6919346 could influence gene expression.
SNPs in two other genes (IGF2RA and PARK2) were associated with plasma Lp(a) levels in the Hutterites and carotid artery disease in the CLEAR cohort, and SNPs in four genes (SYNE1, ARIDB1, SYTL3, and PLG) showed associations with Lp(a) levels in the Hutterites only, all independent of kringle IV number. The fact that the latter genes were not associated with Lp(a) levels or carotid artery disease in the CLEAR cohort could be due to differences in allele frequencies, population characteristics, or ascertainment schemes in the two samples. For example, the Hutterite sample is relatively young (mean age 5 35.5 years), includes approximately equal numbers of males and females, and is unselected with respect to cardiovascular phenotypes. The CLEAR cohort is older (mean age 5 63.5 years), all male, and selected for the presence or absence of carotid artery disease (Table 4) . Thus, studies in other populations with different ethnic, demographic, and clinical characteristics are warranted to further clarify the role of these SNPs and their corresponding genes on Lp(a) biology and carotid artery disease.
Our study revealed novel observations about the genetic architecture of Lp(a). Studies of kringle IV copy number in the Hutterites and the CLEAR cohort indicate that there is little LD between kringle IV size and SNPs in genes on chromosome 6q, including SNPs in the LPA gene itself. Consistent with our observation, a recent resequencing study of the LPA and PLG genes in 23 European Americans and 24 African Americans showed that kringle IV copy number was not in LD with any biallelic markers in LPA or PLG (39) . Moreover, while small kringle IV number was associated with high plasma Lp(a) levels in both the Hutterites (Fig. 4) and the CLEAR cohort (data not shown), P values for associations with Lp(a) are shown without kringle IV number as a covariate and with kringle IV number as a covariate. Samples sizes for the kringle IV studies (n) are shown. Allele frequencies are adjusted for relatedness. MAF, minor allele frequency.
as expected, many individuals in both samples had a small number of kringle IV (#26) and Lp(a) values in the normal range. This is consistent with numerous earlier studies indicating that the kringle IV copy number variation accounts for only ?50% of the heritability of Lp(a) levels (10) (11) (12) (13) (14) (15) . However, our study further suggests that kringle IV repeats may account for nearly all of the high Lp(a) values but that additional loci maintain low circulating levels of Lp(a) in some individuals despite having small isoform sizes. Whether the other loci identified in this study are modifiers of the effects of kringle IV number remains to be proven, but any of the newly identified genes could potentially act through transcriptional, posttranscriptional, or posttranslational mechanisms to regulate plasma Lp(a) levels.
Lastly, the identification of additional loci on chromosome 6q26-q27 influencing Lp(a) levels suggests that the large and consistent linkage signal in human families at the LPA "locus" is due to the contribution of multiple linked susceptibility loci in the region. While a role for trans-acting factors on other chromosomes cannot be ruled out, for example, on chromosome 13, nearly all of the variation in Lp(a) levels in the Hutterites is accounted for by loci on chromosome 6q.
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